A putative porin function has been assigned to VCA1008 of Vibrio cholerae. Its coding gene, vca1008, is expressed upon colonization of the small intestine in infant mice and human volunteers, and is essential for infection. In vitro, vca1008 is expressed under inorganic phosphate limitation and, in this condition, VCA1008 is the major outer membrane protein of the bacterium. Here, we provide the first functional characterization of VCA1008 reconstituted into planar lipid bilayers. Our main findings were: 1) VCA1008 forms an ion channel that, at high voltage (~± 100mV), presents a voltage-dependent activity and displays closures typical of trimeric porins, with a conductance of 4.28 ± 0.04 nS (n = 164) in 1M KCl; 2) It has a preferred selectivity for anions over cations; 3) Its conductance saturates with increasing inorganic phosphate concentration, suggesting VCA1008 contains binding site(s) for this anion; 4) Its ion selectivity is controlled by both fixed charged residues within the channel and diffusion along the pore; 5) Partitioning of poly (ethylene glycol)s (PEGs) of different molecular mass suggests that VCA1008 channel has a pore exclusion limit of 0.9 nm.
Introduction
The Gram-negative bacterium Vibrio cholerae can be found in aquatic environments, free-living or in association with phytoplankton, zooplankton, crustaceans and mollusks [1] . Several strains are facultative human pathogens that colonize the small intestine and cause cholera, an often fatal diarrheal disease [2] . Their ability to thrive in environments as distinct as the aquatic habitats and the human intestinal tract rests on a coordinately regulated gene expression to generate adaptive responses. For instance, the expression of genes encoding outer membrane proteins (OMP) can be differentially regulated by environmental cues, leading to alterations in the membrane properties, which contribute to the bacterial survival and adaptation to different niches [3, 4] . As in other Gram-negative bacteria, diffusion of small molecules across the outer membrane of V. cholerae occurs through porins, which are transmembrane proteins folded in β-barrel structures [5, 6] .
V. cholerae El Tor biotype strain N16961 genome consists of two circular chromosomes of about 3.0 Mb and 1.0 Mb [7] . Most of OMP coding genes (ompA, ompT, ompU, ompV, ompH, ompK and vc0972) are found on the large chromosome, while three others (ompW, ompS and vca1008) are located in the small one. It is important to notice that the large chromosome harbors the majority of essential genes for cell functions and pathogenicity, whereas the small chromosome carries genes that appear to have origins other than the gamma-Proteobacteria [7] . The major porins of V. cholerae are OmpU and OmpT. Their distinct channel properties are related to resistance to bile salts [8] and to other membrane-destabilizing agents [9] , as well as to organic acids tolerance [10] . Important roles in the physiology [11] and pathogenicity have also been assigned to other V. cholerae OMPs [12] [13] [14] .
VCA1008, a novel V. cholerae OMP, was first described as an inorganic phosphate (Pi) starvation-induced protein, whose expression in vitro is dependent on the PhoB/PhoR system [15] . Disruption of vca1008 led to growth defect, inability to colonize the intestinal tract of animal models and high susceptibility to sodium deoxycholate (DOC, the major bile compound) in the El Tor biotype strain N16961, but not in classical strain O395 of V. cholerae O1 [14] . Therefore, VCA1008 seems to have a strain-specific role in the physiology and pathogenicity of the bacterium. Furthermore, the absolutely requirement of VCA1008 for strain N16961 bile salt resistance in vitro is in perfect agreement with previous works showing that vca1008 is expressed in vivo during infection and is essential for the intestinal colonization of infant mice and human volunteers by other El Tor strains [12, 13, 16] . Together, these results strongly indicate that VCA1008 plays important roles in the survival of V. cholerae El Tor strains in distinct environments.
Although it has been previously suggested that VCA1008 belongs to the bacterial porin family [14, 15, 17] , experimental information about its function and structure is not available. Due to the importance of this protein for the physiology and pathogenicity of V. cholerae, we decided to investigate its electrophysiological properties. In this work, we demonstrated for the first time that VCA1008 inserts into artificial lipid bilayers as a homotrimer, where each monomer forms a channel with preference for anions, and that its conductance is significantly affected by Pi concentration. In addition, our results suggest that VCA1008 selectivity is mainly due to the change in ion distribution between the solution and the inside of the channel.
Materials and Methods

Materials
The Escherichia coli polar lipid extract was purchased from Avanti Polar Lipid (Alabaster, AL) and octyl-POE (N-octylpolyoxyethylene) was obtained from Bachem (Bubendorf, Switzerland). Solutions were prepared with milli-Q water (Millipore Corporation, MA).
Strains and growth conditions
The strains used were Escherichia coli DH5α, SY327 λpir and SM10 λpir and V. cholerae wild type El Tor biotype, N16961 and its isogenic ompU mutant, CG7 (this work). Cells were routinely grown in rich medium LB (Lysogeny broth). For growth under defined Pi concentrations, TG medium (a mix of mineral salts and glucose buffered with Tris) was supplemented with KH 2 PO 4, at 6.5 mM for high phosphate (HP), or at 65 μM, for low phosphate (LP) [18] . Bacterial growth was carried out in a 37°C shaking water-bath, at 200 rpm.
Genetic manipulations, cloning procedures and V. cholerae ompU mutant construction
A 1.0 kb fragment containing ompU gene was PCR amplified from V. cholerae N16961 genomic DNA using the primers OmpU-BamHI (CCGGATCCCTGATTGCTCTTGCTGTATCAGC) and OmpU-HindIII (CAAGCTTGCCGATAGCCAGTTCGTCTTC). The amplicon was cloned into pGEM®-T Easy plasmid (Promega) according to supplier's recommendations to produce pGEM-ompU. This plasmid was digested with EcoRV within the ompU sequence, where a kanamycin resistance cassette, a 1.3 kb HincII fragment from pUC-4K [19] was inserted. Plasmid pGEM-ompU::Km was digested with EcoRI to remove the fragment containing the disrupted ompU sequence, which was then cloned into the EcoRI site in the suicide vector pGP704 [20] , to generate pGP-ompU::Km. To facilitate ompU mutant selection, sacB gene (1.9 kb EcoRV/BamHI fragment from pJG9 (J. Galen, unpublished data) was cloned into EcoRV/BglII-digested pGP-ompU::Km, yielding pGS3. Expression of the Bacillus subtilis sacB gene leads to sucrose sensitivity in most Gram-negative bacterial species [18] . For V. cholerae N16961 ompU selection using the allelic exchange strategy, E. coli strain SM10 λpir transformed with pGS3 was used to mobilize the plasmid into V. cholerae N16961 by conjugation. A selection procedure on 5% sucrose allowed the isolation of the ompU exchange mutant, CG7, as previously described [18] . CG7 genotype was confirmed by PCR, Southern blot (data not shown) and SDS-PAGE analyses of outer membrane fractions.
Preparation of outer membrane fractions and VCA1008 purification
V. cholerae ompU mutant CG7 was cultivated in 500 mL of TGLP for 16 hours (O.D. 600 0.3) to allow vca1008 expression. Cells were collected by centrifugation at 10,000 x g for 10 min at 4°C, resuspended in 6 mL of 20 mM Tris-HCl pH8.0 containing 1 mM PMSF and disrupted by sonication. Cell lysate was ultracentrifuged (70,000 x g for 40 min) and the insoluble fraction, containing cell membranes and debris, was washed twice with 6 mL of 1% sarkosyl in 20 mM Tris-HCl pH8.0, under similar condition. The final pellet was resuspended in 2 mL of 1% SB-12 in 20 mM Tris-HCl pH8.0 (buffer A) and ultracentrifuged at 70,000 x g for 1 hour. The supernatant containing soluble proteins was added to a DEAE-cellulose column, which was then washed with 100 mM NaCl in buffer A. Bound proteins were eluted using a 100-250 mM NaCl gradient in buffer A. Proteins in eluted fractions were analyzed by SDS-PAGE and Coomassie Blue stained. Protein concentration was determined using Bio-Rad Protein Assay Dye Reagent according to manufacturer's protocol.
Samples preparation and SDS-PAGE analysis
Cells were grown for 16 hours in 5 mL of TGHP or TGLP and then collected by centrifugation at 10,000 x g for 5 minutes (total O.D. 600 of 0.5). The pellet was washed twice with PBS, suspended in 40 μL of SDS-PAGE loading buffer [1X] and incubated at 100°C for 5 minutes. The lysate was centrifuged as above, and a 7 μL aliquot of the supernatant was analyzed by SDS-PAGE. To investigate the proteins eluted from the DEAE-cellulose column, an aliquot of each eluate was mixed with equal volume of the SDS-PAGE loading sample buffer [2X], and the samples were treated as described above. To analyze the oligomeric state of VCA1008 purified by DEAE-cellulose chromatography, the mixture (1:1) of the eluate with the SDS-PAGE loading buffer [2X] was incubated for 5 minutes, at different temperatures, before the SDS-PAGE. Proteins were separated by SDS-PAGE on 11 or 12.5% polyacrylamide gels and bands were visualized by Coomassie blue staining.
Electrophysiology
Electrophysiological recordings were performed as described previously [21, 22] . Briefly, VCA1008 protein purified by DEAE-cellulose chromatography was diluted in 1% octyl-POE and reconstituted into planar bilayers of E. coli polar lipids in hexane 2% (w/v), formed by the folding of two lipid monolayers over a hole (135 μm in diameter) in a 25 μm thick Teflon partition between the two Teflon experimental chambers. Before each experiment the partition was treated with a solution of hexane/hexadecane (2.5%, v/v) to increase its oleophylicity. Two Ag/AgCl electrodes, in series with a salt bridge (1M KCl in 1% agar), were used to connect the experimental chambers to the electronic equipment. The trans compartment was defined as the one connected to the ground and the voltage was applied to the cis compartment. Reconstitution of VCA1008 channel into the planar lipid bilayer was done by adding the protein to the cis compartment at a final concentration that varied from 0.2 to 20 ng/mL.
The current-voltage curve was acquired using a periodic symmetrical triangular voltage, 10 mHz in frequency, provided by a Wavetek 39 waveform generator (Wavetek, U.K.), and the current through the membrane was amplified by a BLM 120 amplifier (BioLogic, France). Data were filtered at 300Hz (5-poles linearized Tchebichev filter), digitized at 44.1 kHz with a DRA 200 interface (BioLogic, France) and stored on CDs using a homemade program written in the MATLAB environment (The MathWorks, Natick, MA), for further processing. The conductance was estimated in the linear part of the currentvoltage curve around the reversal potential.
Determination of the channel ion selectivity
The reversal potential (zero-current potential) was set to zero in presence of identical salt concentration solution on both sides of the membrane. Then, the cis compartment was perfused three times its volume with a solution of different salt concentration and the change in reversal potential (E rev ) was recorded. The reversal potential was estimated experimentally by searching the membrane potential that cancel the membrane current and/or using the linear least square fitting of the current-voltage data. No significant difference was found between the two methods. The reversal potential was corrected for the liquid junction potential at the salt bridges, which was calculated using the liquid junction potential equation.
Determination of the effective pore size
The effective size limit of the VCA1008 pore was determined by solute exclusion, using neutral polyethylene glycols (PEGs) of discrete sizes, ranging from 68 to 6000 Da. VCA1008 was reconstituted into the lipid bilayer and its channel conductance was measured using the reference solution (1 M KCl buffered with 10 mM HEPES, pH7.5) on both sides of the membrane. Both cis and trans compartments were then perfused with the reference solution supplemented with 11% (wt/vol) of each PEG species used and the change in VCA1008 channel conductance was measured.
Statistics and data analysis
Data are shown as the mean ± standard error of the mean (n = number of experiments). Histogram of conductance was drawn and analyzed using GraphPad Prism v.5.0a. Nonlinear least square curve-fitting were performed under Matlab using the lsqcurvefit function.
Results
Conformational states and electrophoretic mobility of the purified native VCA1008
VCA1008 was purified by DEAE-cellulose chromatography from the outer membrane fraction of CG7 cells, grown in TGLP. Under this condition, CG7 major OMPs are OmpT and VCA1008 (Figs. 1SA and 1SB). These OMPs were eluted from the DEAE column at different concentrations of NaCl. Purified VCA1008 was eluted with NaCl between 200 and 250 mM and the final concentration of the stock solution was 0.17 mg mL -1 .
In a previous work [17] , we showed that the VCA1008 from an outer membrane preparation of V. cholerae N16961 cells grown under Pi limitation, migrates across a denaturing polyacrylamide gel (0.1% SDS) as a high molecular complex (consistent with a trimer) when kept up to 50°C, but dissociated to monomeric species at 75°C. Similar temperature-induced conformational changes and migration behavior were observed when the native purified VCA1008 was incubated under low or high temperatures before electrophoresis ( Fig. 1 ), indicating that VCA1008 expression in CG7 cells did not alter its oligomerization.
VCA1008 channel conductance and the trimeric state of the protein
The open conductance of VCA1008 channel was determined at +10 mV. At this voltage, the insertion of channels into the lipid bilayer yielded discrete current step increases in the same range of amplitude ( Fig. 2A) , indicating a sequential incorporation of a single protein channel unit into the bilayer.
The conductance distribution of individual current steps was fitted to a sum of two Gaussian functions and the maximum of each curve corresponds to the average conductance of a single channel unit (Fig. 2B ).
In the presence of 1M KCl on both side of the membrane, about 85% of the channels reconstituted into the lipid bilayer had a reproducible unit conductance of 4.28 ± 0.04 nS (n = 164), whereas a minor fraction had a low conductance of 1.73 ± 0.07 nS (n = 30). The conductance of the large-conductance fraction is a nonlinear function of the KCl concentration. At high KCl concentration (≥0.5M) the magnitude of the conductance increased linearly with the salt concentration ( Fig. 3 ). This linear dependence is a typical feature of large size β-barrel channels [5, 23] . However, at low concentrations, the conductance is a nonlinear function of the KCl concentration. This nonlinearity is also observed when activity is used in place of the concentration (Fig. 2S ), indicating that it is an intrinsic property of VCA1008.
Bacterial porins exist either in the monomeric (e.g., OmpA) or trimeric (e.g., OmpC and OmpF) form in the outer membrane [5] . Trimeric porins display a voltage-dependent activity at high voltages. More specifically, at voltages larger than ±100 mV each monomer closes independently giving rise to a stepwise decrease in the current [24, 25] . Thus, to assess the voltage-dependence of the protein, a single unit of VCA1008 was reconstituted into the planar lipid bilayer and a triangular voltage wave was applied. As shown in Fig current through the membrane occurred around ±100 mV indicating channel closures.
To determine the oligomeric state of a single VCA1008 unit reconstituted into the bilayer, the successive closures of its channels were recorded during a long lasting high voltage step. We observed that the closures occurred in three steps of similar amplitude, which is typical of bacterial porins [26] . As each closure step corresponds to a decrease of about 1/3 of the total pore conductance (Fig. 4B ), we suggest that the VCA1008 unit is formed by three monomers of the protein.
Ionic selectivity of the VCA1008 channel
To assess the ion selectivity of VCA1008, a single VCA1008 trimer was reconstituted into a lipid bilayer in symmetric KCl 1M solutions and the characteristic current-voltage curve was recorded after perfusing the cis compartment with 0.5 M KCl (Fig. 4C) .
The different I/V curves correspond to the distinct open conformations of the protein VCA1008 in the lipid bilayer (trimeric, dimeric, monomeric and closed state), in the presence of a twofold KCl gradient (1/0.5 M; trans/cis). A linear regression through the data series shows that they all cross the abscissa at the same reversal potential value (E rev ), thus indicating that each monomer had the same ionic selectivity (Fig. 4C) .
The interpretation of the E rev in terms of selectivity is model dependent. To perform a quantitative analysis of the selectivity, the E rev was measured in the presence of different concentration gradients across the membrane. The trans compartment was fixed at 1 M KCl, and the salt concentration in the cis compartment varied from 1 M to 25 mM KCl. In all cases, a negative shift in reversal potential was observed, indicating that the VCA1008 channel has a preference for anions over cations (Fig. 5 ). The reversal potential decreased monotonically at least up to a concentration ratio, r = C trans /C cis , of 40.
To have a first insight into the origin of the ionic selectivity of VCA1008 we used two macroscopic electrodiffusion models that assume independent movement of ions. The first model assumes a local electroneutrality along the channel. The zero-current potential (E Planck ) is given by the Planck equation (1)):
Where R is the gas constant, T is the absolute temperature, F is the Faraday constant, z is the ionic charge, D is the diffusion coefficient, C trans and C cis are concentrations of ion species and the subscripts A and C refer to anions and cations, respectively. This electric potential difference is the one that will be set up across a neutral channel in the presence of a salt gradient due to the fact that different ions have distinct diffusion coefficients in solution.
The second model is the well-known Goldman-Hodgkin-Katz (GHK), which assumes a constant electric field along the channel [27] . For a symmetric monovalent salt the zero-current GHK potential (E GHK ) is given by:
where R is the gas constant, T is the absolute temperature, F is the Faraday constant, α is the permeability ratio (P C /P A ), C A,C trans and C A,C cis are the bulk concentration of ion species (subscripts A and C refer to anions and cations, respectively) in the trans and cis compartments. As shown in Fig. 5 the best fit of the experimental data was obtained with the Planck equation (continuous line). This result is at odds with experimental and theoretical studies showing the role of charged residues on the ionic selectivity of β-barrel channels, such as those of the E.coli porin OmpF [28, 29] , the mitochondrial VDAC [30] [31] [32] as well as nanopores [33] . Thus, a plausible explanation for the Planck equation to best fit the data in Fig. 5 is the relatively high KCl concentration (the trans side being fixed at 1 M) used in these experiments that might screen the electrostatic effect of charged residues.
To assess the effect of charged residues inside the pore on the reversal potential we performed experiments at different KCl concentrations keeping the concentration ratio constant (Fig. 6 ). According to Planck equation, E rev should be constant as it depends on the concentration ratio, but not on the absolute salt concentration. However, we observed that E rev is a nonlinear function of the absolute concentration of KCl. Its value is about -2 mV at high absolute concentration and becomes more negative as the absolute concentration decreases, in agreement with an electrostatic screening of the charged residues.
To consider the role of the fixed charges, we resort to the Theorell-Meyer-Sievers (TMS) theory [34] , which posits a Donnan equilibrium at each open end of the channel in series with the electrodiffusion of ions inside the pore. The Donnan equilibrium describes the ions partition at a channel-solution interface due to the effective charge in the channel. Consequently, a Donnan potential (E Donnan ) would occur in series with the diffusion potential (E rev Planck − FC ) across the channel, accounting for the distribution of effective fixed charges that prevails inside the diffusion pore. Thus, for diffusion pores of nanometric diameters the reversal potential would be given by:
The negative sign on the right side of the equation (3) arises from the fact that the two Donnan potentials are opposite in direction. The Donnan potential is given by:
where r is the Donnan ratio (viz., the ratio between the concentrations in the bulk and inside the channel: r = (C channel /C bulk ) 1/z , and z is the charge of the ion), which depends on the channel fixed charge and on the ion concentration (more accurately ion activity) in the bulk solution:
where ω is the sign of the channel fixed charge and X its concentration. Thus, inserting equations (4) and (5) into equation (3) gives:
where C trans j and C cis j are the concentration of ion species j inside the channel on the trans and cis side. The second term on the right side is the Planck equation that takes into account the fixed charges within the channel. The relationship between the reversal potential of the VCA1008 channel and the ratio of the symmetrical monovalent salt concentrations in the compartments trans/cis, shown in Fig. 6 , correctly fitted equation (6) . At high KCl concentration the E rev TMS is close to the diffusion potential (E rev Planck − FC ), indicating the screening of the effective positive charges by counter-ions. As the concentration lowers the counter-ions screening effect weakens and the E rev TMS diverges from the diffusion potential, highlighting the contribution of the effective fixed charge.
Effect of Pi on VCA1008 reversal potential and channel conductance
VCA1008 is synthesized when V. cholerae cells are grown in vitro under phosphate limitation (65 μM KH 2 PO 4 ) [15] . This prompted us to investigate the effect of Pi on the VCA1008 channel selectivity and conductance. For the sake of comparison with KCl, the KH 2 PO 4 solutions were prepared at pH 5.0, since at this pH each molecule is a monovalent salt and thus their anions have the same charge. The data presented in the previous section were collected in KCl at pH 7.5. A possible effect of pH change in the reversal potential was tested in KCl, but no difference was observed (Fig. 7A ). However, in 0.1 M KH 2 PO 4 the reversal potential decreased four fold, indicating a much lesser preference of VCA1008 for the anion (Fig. 7A) . The conductance of the trimeric VCA1008 in 0.1 M KH 2 PO 4 (0.84 ± 0.16 nS, n = 4) compared to that in KCl (0.64 ± 0.07 nS, n = 5) indicated that there is no significant difference between them (p = 0.18, t-test). However, in contrast to the results observed with KCl ( Fig. 3) , the VCA1008 channel conductance showed dependence on KH 2 PO 4 concentration, and saturated above 1M (Fig. 7B) . These results appear to violate the principle of independence of ion movement assumed in the Planck and GHK equations. The line drawn through the data in Fig. 7B is the best fit of the data to an empirical hyperbolic equation:
where g is the channel conductance, g max its maximal value, [KH 2 PO 4 ] is the concentration (pH 5.0), and K 0.5 is the concentration at half-maximal conductance. Since the conductivity of a KH 2 PO 4 solution varied linearly within the concentration range used in this study, the saturation effect (Fig. 7B ) is likely to arise from an ion-channel interaction during ion translocation along the pore. The K 0.5 value (0.28 M) is two orders of magnitude higher than the phosphate concentration found in the small intestine where V. cholerae inhabits during infection. As the non-ideality of the KH 2 PO 4 solution is relatively strong we also plotted the conductance as a function of the KH 2 PO 4 activity (Fig. 3S ). This result also features saturation but in this case the K 0.5 was twice (0.3 activity = 0.6 M) larger than that calculated using the molal concentration.
Size of VCA1008 channel pore
The pore size of a channel can be estimated by a polymer-induced change in the channel conductance [35] . Molecules smaller than the pore diameter can enter the channel and reduce its conductance, whereas molecules larger than the pore size will have little effect on the channel conductance. We examined the size exclusion limit of a single VCA1008 trimer in the absence and in the presence of PEGs (11 %) of different molecular mass, added on both sides of the lipid bilayer. PEGs are neutral polymers, almost spherical in aqueous solutions, whose hydrodynamic radii are known and are proportional to their molecular mass. They have been widely used to measure the effective diameter of channel pores [36, 37] . We used PEGs ranging from 62 to 6000 Da and estimated the change in the VCA1008 channel conductance [g(ω)] relative to its conductance in PEG free solution (g 0 ). Fig. 8 summarizes conductance measurements for the range of PEG sizes used, showing that the dependence of a PEG-induced channel conductance change on the polymer molecular weight is sigmoidal.
Small PEGs (b 200 Da) permeated the channel and decreased its conductance to a value close to that of the PEG-free solution, whereas large PEGs (≥ 3000 Da) did not partition between the solution and the VCA1008 channel (Fig. 8 ). The effect of intermediately sized PEGs (200 to 2000 Da) on VCA1008 channel conductance was inversely proportional to their sizes. The presence of the impermeant PEG (above 1000 Da) resulted in a conductance higher than in PEG-free, which is indicative of an increased KCl activity inside the channel due to binding of water molecules to PEG [38, 39] .
Assuming that the polymer/weight-dependent reduction in the porin conductance is proportional to the polymer partition coefficient, the data of Fig. 7 can be fitted to the following equation [40, 41] :
where χ represents the relative amplitude of the conductance of the channel between a regime where PEGs are fully excluded and a regime where they fully enter the pore, α represents the steepness of the transition between the regimes of full exclusion and full inclusion, and ω 0 is the cut-off molecular weight for PEG. The solid line in Fig. 7 show the result of fitting that yield, χ = 0.29, α = 0.94, and ω 0 = 950. An effective molecular weight of 950 corresponds to a PEG hydrodynamic radius of 0.92 nm [35] .
Discussion
Bacterial porins are outer membrane spanning proteins that form aqueous channels allowing the passage of small solutes measuring up to about 600 Da [5] . OmpU and OmpT are the major porins in V. cholerae cells grown under standard conditions (LB medium, 37°C). They are both cation-selective porins and their channel properties have been characterized in detail [42] [43] [44] [45] . In this work, we characterized the first anion-selective porin of V. cholerae ever described and we showed that its selectivity is consistent with its presumed role in phosphate acquisition, under phosphate starvation. This is similar to PhoE and OprP from E. coli and P. aeruginosa which are also expressed under phosphate starvation conditions [46] [47] [48] [49] .
However, the electrophysiological properties of VCA1008 from V. cholerae are significantly different from those of PhoE and OprP. For instance, in KCl solution VCA1008 has a conductance and an anion selectivity about twice as large as those of PhoE [50] [51] [52] . OprP has a conductance 5 times lower than VCA1008 but it is nearly perfectly selective to anions [53] [54] [55] .
Both electrophoretic patterns and electrophysiology data indicated that VCA1008 is trimeric, like many other ion translocating bacterial porins. Unheated native VCA1008 protein migrates in a polyacrylamide gel as a high molecular weight complex, which, when reconstituted into a planar lipid bilayer, forms voltagedependent channels that closes in three steps of equal amplitude, indicating it contains three pores of identical conductance. Moreover, each monomer has the same ion selectivity suggesting that VCA1008 is a homotrimer.
PEG partitioning experiments suggested a size exclusion limit for the VCA1008 pore corresponding to a polymer hydrodynamic radius of 0.9 nm, which is consistent with those of E. coli OmpF from (1.0nm) [41] and Borrelia burgdorferi P66 (0.94nm) [37] , estimated using the same method.
OmpF, a cation selectivity outer membrane porin of E. coli, whose structure is known at the atomic level, has been extensively used as a model protein for the study of the ionic selectivity of porins [28, 42, 56] . Those studies and others, using both theoretical and experimental analyses, highlighted the role of protein channel fixed charge density on its ionic selectivity process [31, [57] [58] [59] [60] . They also indicated that selectivity through nanosized ion channels is determined by the distribution of ions between the diffusion pore and the bulk electrolytic solution, and by the differences in ion mobility within the pore [28] . Such observations prompted us to use the macroscopic electrostatic Donnan equilibrium model and the diffusive process to describe the VCA1008 ionic selectivity. The usefulness of this approach has already been shown, notably to explain the behavior of bacterial porins ionic selectivity, at least in the limit of its approximations [56] . Unfortunately, it does not provide an accurate description of the channel ion selectivity but allow us to grasp, at least qualitatively, the basis of the selectivity process. Precise quantitative analyses of the ion concentration effects on the reversal potential would require the knowledge of the protein structure at the atomic resolution. The reversal potential values of VCA1008 showed that it is more selective to anions than cations. At a constant salt concentration ratio across the membrane, the cation selectivity of VCA1008 increased when the absolute value of the concentration decreased. This might be understood as a direct consequence of the charged residue distribution within the diffusion pore. More specifically, at low ionic concentration the screening of the fixed charge in the channel might be less efficient and the Donnan effect would increase. Electrostatic-dependent ion channel selectivity is a typical feature of β-barrel transmembrane proteins with nanosized diffusion pores such as those of bacterial porins, mitochondrial VDAC and synthetic nanopores [31, 32, 61] .
The nonlinear dependence of the conductance on the concentration (activity) is also a consequence of the electrostatic Donnan equilibrium. At low concentration, the electric field created by the net charge inside the channel increases the ion concentration inside the channel. This effect decreases exponentially with the increase in concentration. At sufficiently high concentration, the electrostatic effect of the fixed charges is screened by counter ions. Thus, the channel behaves like a neutral pore and the ion concentration inside the channel is proportional to that in the external concentration.
At pH 5.0, KH 2 PO 4 exists predominantly as monovalent phosphate anion, H 2 PO 4 − . Thus, the difference between the effect KCl and KH 2 PO 4 on the concentration-conductance relationship should be due to the anion. Therefore, the conductance saturation observed in the presence of the phosphate salt might indicate the presence of binding site (s) for the anion within the VCA1008 channel, Assuming that the number of binding sites is limited [62] , the ion flux through the channel will not be proportional to the ion concentration, since binding hinders the translocation of ions through the channel.
In summary, in this study we demonstrated that VCA1008 is a new porin of V. cholerae, which displays a typical trimeric gating behavior, is more selective for monovalent anions than cations and has putative binding site(s) for phosphate. Moreover, its selectivity is mainly governed by the fixed charges of the basic residues lining the channel.
